Symbiotic associations impact and are impacted by their surrounding ecosystem. The 18 association between Burkholderia bacteria and the soil amoeba Dictyostelium 19 discoideum is a tractable model to unravel the biology underlying symbiont-endowed 20 phenotypes and their impacts. Several Burkholderia species stably associate with D. 21 discoideum and typically reduce host fitness in food-rich environments while increasing 22 fitness in food-scarce environments. Burkholderia symbionts are themselves inedible to 23 their hosts but induce co-infections with secondary bacteria that can serve as a food 24 source. Thus, Burkholderia hosts are "farmers" that carry food bacteria to new 25 environments, providing a benefit when food is scarce. We examined the ability of 26 specific Burkholderia genotypes to induce secondary co-infections and assessed host 27
Introduction 36
Symbiotic interactions can alter the fitness and evolutionary trajectory of both partners 37
(1-4). Clearly detrimental or mutualistic associations have been investigated for obvious 38 reasons: to eliminate infectious disease, boost health, and restore ecosystems. 39
However, many symbiotic associations evade simple characterization and related 40 mechanisms can underlie opposing outcomes (5,6). Invasion and replication strategies 41 employed by mutualists and pathogens often resemble each other, while genotypes and 42 external factors modify subsequent outcomes (7). Genotype pairing determines the 43 outcome of plant-mycorrhizae interactions (8) and amplification of a genomic region in a 44 normally beneficial Wolbachia symbiont leads to over-replication at the hosts expense 45 (9). Light mediates pathogenicity of a fungal plant endosymbiont (10), temperature 46 affects reproductive fitness of aphids hosting Buchnera (11), and parasitoid pressure 47 determines whether Hamiltonella defensa is beneficial to host aphids (12) . These 48 examples demonstrate that even canonically beneficial or detrimental associations may 49 produce alternative effects in alternative contexts (4, (13) (14) (15) (16) (17) . 50
Eukaryotic microbes, such as amoebae, are attractive models for exploring eukaryote-51 prokaryote interactions. Amoebae are ubiquitous and efficient phagocytic predators of 52 bacterial prey, making them important shapers of the microbial community (18). This 53 pressures prey microbes to evolve virulence strategies that enable evasion of 54 phagocytosis or subsequent digestion (19). Amoebae are thereby potential training 55 grounds and environmental reservoirs for bacterial pathogens. Amoebae phagocytosis 56 also enables bacteria to gain easy access to an attractive intracellular niche, bypassing 57 the requirement for evolving specialized cell-entry mechanisms. After invasion, bacteriacan be retained in an environmentally resistant cyst or spore (20) . A number of bacterial 59 pathogens, such as Francisella tularenis and Legionellae pneumophila (21), are 60 harbored in different species of amoebae and there is a growing list of recently identified 61 amoebae symbionts (22, 23) . 62
The social amoebae Dictyostelium discoideum has been appreciated as a model host 63 for studying bacterial pathogens for some time (24, 25) . Recently, work with wild isolates 64 has emphasized its power for exploring naturally occurring microbial symbioses (26, 27) . 65
As a social amoeba Dictyostelium exhibits a unique life cycle, transitioning between 66 single-and multi-cellular forms. Under favorable conditions, it lives as a unicellular 67 amoeba, consuming bacteria and dividing by binary fission. When bacterial food is 68 depleted, amoebae secrete cAMP, which triggers the transition to multi-cellularity. 
Construction of Fluorescent Bacterial Strains 150
We generated RFP labeled Burkholderia by triparental mating with E. coli helper strain 151 E1354 (pTNS3-asdEc) and E. coli donor strain E2072 (pmini-Tn7-gat-P1-rfp) and 152 confirmed identity of RFP conjugants using a Burkholderia specific PCR as previously 153 described (32,37,38). We GFP labeled Rhizobium, Serratia, A. tumefaciens, and K. 154 pneumoniae through triparental mating with E. coli donor WM3064 (pmini-Tn7-KS-GFP) 155
and E. coli helper E1354 (pUXBF13) as previously described (39) and confirmed 156 identity of GFP positive conjugants through 16s rRNA gene sequencing. P. aeruginosa-157
GFP was described previously (36). 158

Dictyostelium Culture Conditions 159
We used D. discoideum clone QS864 (naturally symbiont free) for all experiments. For co-infection assays we plated uninfected spores on bacterial mixtures with 166 Burkholderia, uninfected controls were plated without Burkholderia. To compare spore 167 productivity under food variable conditions, we harvested sori from indicated co-168 infection conditions and plated 10 5 spores onto SM/5 with K. pneumoniae at an OD 600 of 169 1.5 for food-rich conditions or with heat-killed (30 min at 80°C) K. pneumoniae at an 170 OD 600 of 6 for food scarce conditions.
Spore Production Assays 172
To harvest total spores, we flooded each plate with 5-10 mL KK2 + 0.1% Nonidet P-40 173 alternative and collected the entire surface contents into 15-mL Falcon tubes. We then 174 diluted samples in KK2 and counted spores on a hemocytometer. At least five replicates 175 were analyzed for each treatment. 176
Confocal Microscopy 177
We imaged spores by staining with 1% calcofluor in KK2, placing on glass bottom 178 culture dishes (Electron Microscopy Sciences) and overlaying with 2% agarose. We 179 imaged samples on an Olympus Fluoview FV1000 confocal microscope using Plan Apo 180 Oil 1.4NA 60X objective. Z-sections were taken every 0.5 microns at 1024 resolution. 181
Calcofluor was visualized with DAPI, GFP with FITC, and RFP with Cy3 then 182 pseudocolored grey, green, and red respectively. We imaged at least three individual 183 replicates and counted more than 30 spores for each. 184
Colony forming unit quantification 185
To quantify secondary bacteria, we harvested sori grown from the indicated co-culture 186 conditions from 6-or 14-day incubations. We suspended individual sori in KK2+0.05% 187 Nonidet P-40 alternative, counted spores on a hemocytometer, plated serial dilutions on 188 SM/5 medium and incubated plates at room temperature until colony formation (~2 189 days), and counted GFP colonies using a safe-light imaging system. We performed 3 or 190 more independent replicates for each treatment. 
Statistical analysis 201
We analyzed all data using R (version 3. 
Burkholderia cenocepacia) influences infection outcomes (40,41). Adding 224
Pseudomonas to the Burkholderia-Dictyostelium system provides a novel approach to 225 explore microbial interactions and virulence. 226
Host Outcomes Differ According to Burkholderia and Secondary Bacteria Conditions. 227
First, we examined host fitness when amoebae were co-cultured with Burkholderia and 228 secondary bacteria. We determined total spore productivity of host amoebae after one 229 social cycle on each labeled secondary bacterium, either alone or in a 50% mixture with 230 K. pneumoniae. Five percent by volume of Burkholderia-RFP was included to establish 231 infections ( Figure 1 ). D. discoideum was unable to develop on any conditions where P. 232 aeruginosa was the only food source suggesting that this strain was toxic and/or 233 inedible for amoebae. All other conditions supported fruiting body development, but 234 spore productivity varied across conditions ( Figure 1 ). In line with previous studies, 235
Burkholderia species differentially impact spore productivity on K. pneumoniae.
Typically, B. hayleyella was the most detrimental for host fitness with B. agricolaris and 237
B. bonniea being neutral or moderately detrimental. However, these patterns and the 238 degree by which symbiont altered host fitness varied across culture conditions ( Figure 1  239 and Table 1 ). These results highlight the variability of fitness outcomes caused by 240 distinct Burkholderia symbionts and suggest that surrounding bacterial communities 241 also impact fitness outcomes. 242
Intracellular Co-infection is Rare and Depends on Burkholderia and Secondary Bacterial 243
Combinations. 244
To investigate the induction of secondary infections we imaged D. discoideum sori 245 contents after development on Burkholderia and secondary bacteria. We used 50/50 K. 246 pneumoniae/secondary bacteria-GFP conditions as they resulted in better amoebae 247 development than secondary bacteria-only conditions. We also imaged sori grown from 248 K. pneumoniae-GFP. Importantly, we do not detect any secondary bacteria in sori in the 249 absence of Burkholderia (Figure 2) . Thus, these bacteria are not capable of infecting D. 250 discoideum on their own. In contrast, we can detect secondary-GFP cells in sori from 251 amoebae co-exposed to Burkholderia (Figure 3) Although we found minimal intracellular co-infections in most conditions, the farming 279 phenotype may instead by explained by extracellular secondary infections. To get an 280 initial indication of extracellular co-infections, we determined the percent of confocalimages in which any extracellular GFP could be visualized (Figure 4a) . We found that all 282
Burkholderia symbionts induced at least some level of extracellular co-infections, as we 283 could visualize external GFP in confocal images for each condition. Similar to our 284 observations for intracellular co-infections, extracellular secondary bacteria appeared 285 most frequently in B. agricolaris host sori (Figure 4a) . 286
To quantify overall secondary co-infection, we counted GFP colony-forming units per 287 sori for K. pneumoniae-GFP 100% and Rhizobium-GFP 50% conditions. After six days of co-288 culturing amoebae we counted the number of GFP positive colonies that developed 
respectively. 298
To explore whether secondary bacteria could further amplify within fruiting bodies over 299 time, we also quantified Rhizobium-GFP colony-forming units 14 days after plating. We 300 found that cfu's did not increase for B. agricolaris hosts, but dramatically increased for 301 B. hayleyella and B. bonniea hosts, which produced 2.87 x10 5 and 8.37 x10 5 GFP cfu's, 302
respectively. This brought the number of cfu's in all Burkholderia infected sori up to fairly 303 similar levels, perhaps representing a peak carrying capacity. However, we noticed thatthe number of spores per sori for B. hayleyella and B. bonniea infected hosts appeared 305 to decrease over time (not shown). Thus, replication of secondary bacteria within these 306 sori could be damaging to spores, counter-acting potential benefits of hosting more food 307 conditions, respectively). Here, B. agricolaris hosts had the highest spore productivity 334 for both secondary conditions (Figure 5a) . B. bonniea also resulted in slightly higher, but 335 not significantly different, spore productivity compared to the uninfected control ( Figure  336 5a). Thus, B. agricolaris infections endow a benefit for their amoeba host when 337 dispersed to food scarce environments. 338
For the above assay, we evenly distributed spores on plates. If secondary bacteria are 339 less numerous in host sori (as for B. hayleyella and B. bonniea), they might be spread 340 too far from germinating spores to access and thus benefit from. Further, this assay 341 might not best simulate spore dispersal in nature, where spores might be deposited in 342 smaller denser patches by passing soil inhabitants. Therefore, we examined host fitness 343 in food scarce conditions using a "streak" dispersal strategy. Here, we deposited 344 individual sori from fruiting bodes grown on K. pneumoniae-GFP 100% or Rhizobium-345 GFP 50% in small patches (~1-inch streaks) on nutrient medium. After a week of 346 incubation, we measured the percent of fruiting body positive streaks and the number of 347 fruiting bodies per each streak (Figure 5b-d of fruiting bodies also increased the longer streak plates were left to incubate (Figure 6) . 359
Since fruiting bodies often developed from B. bonniea host sori, this suggests they gain 360 better access to food under this dispersal strategy. with Burkholderia and other soil microbes it's tempting to speculate on how thesemultipartite interactions influence overall microbial communities and higher trophic 439 levels. Here, we show that amoebae co-disperse Burkholderia symbionts and 440 secondary bacterial hitchhikers to new environments. Thus, the impact of amoebae on 441 their surrounding microbial network can go well beyond predator-prey dynamics. Finally, 442 our observation of Burkholderia and P. aeruginosa co-infection amplifies the concern 443 that soil amoebae can serve as reservoirs for bacterial pathogens. These results 444 suggest that Burkholderia symbionts can increase the suite of potential pathogenic 445 partners hosted by amoebae. In addition to elucidating the phenomenon of secondary infections our results exemplify 483 the context dependency of symbiotic outcomes in this system. We found that the costsand benefits of this symbiosis can be modified by different bacterial conditions and 485 spore dispersal processes. The nature and extent of farming induction by Burkholderia 486 symbionts differs across symbiont species and so do their corresponding contextual 487 fitness outcomes. Ultimately, further research into the mechanisms, consequences, and 488 ecological framework of the Burkholderia-Dictyostelium symbiosis will help illuminate 489 microbial interaction dynamics relevant to infection biology and microbial ecology. 490
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